The heterogeneously catalysed transesterification reaction for the production of biodiesel from Triglycerides was investigated for reaction mechanism and kinetic constants. Three elementary reaction mechanisms Eley-Rideal (ER), Langmuir-Hinshelwood-Hougen-Watson (LHHW), and
Introduction
Biodiesel is a state-of-the-art renewable fuel produced by reacting vegetable oils, refined oils and animal fats, containing triglycerides and free fatty acids as the main constituents, with methanol 1 .
The three main reactions steps in transesterification of Triglyceride with methanol are given in Oleate (MeOl), or longer chained methyl ester -depending on glyceride chain length.
T + CH 3 OH D + MeOl

1
D + CH 3 OH M + MeOl
2
M + CH 3 OH G + MeOl
3
Heterogeneously catalysed transesterification reactions 3, 4 that include alkali oxides 5, 6 , alkaline earth oxides [7] [8] [9] , zeolites 10, 11 , and hydrotalcites [12] [13] [14] [15] , are preferred over homogeneous reactions, due to various reasons, including soap formation, catalyst loss and involvement of significantly more number of separation steps in the latter case. Dossin et al. 2, 16 introduced the kinetic studies of MgO catalyzed transesterification of alkyl esters with methanol using ER type mechanism.
Their model is based on the following assumptions: i) adsorption of methanol as the rate determining step; ii) all other reactions assumed to be in equilibrium, and iii) equal rate constants for the forward reaction in all the three basic reactions steps (Equations 1-3 14 . These catalysts are micro-porous with active sites concentrated on their surface, reducing the requirement for bulky glyceride species diffusing through micro-pores, whilst providing rigidity through the layered structure.
The hierarchical modelling of reactions is essential to evaluate the effect of micro scale surface evolution on the changes in bulk concentration and vice versa and thereby validate reaction mechanisms 17 . Karpov et al. 18 considered the coupling of Monte Carlo with the continuum finite element method (FEM) equations for fuel cell catalysts and binary material systems applications.
Levchenko et al. 19 used multiscale Monte Carlo/ surface diffusion numerical equation to study the growth of metal catalyst particles by deposition from a low-temperature plasma. Majumder et al. 20 developed a multiscale modelling approach combining Monte Carlo simulations with finite difference solver. They established their method by comparison with a continuum method. The methodology was applied to two reaction mechanism for unimolecular and bimolecular reactions. Vlachos et al. 21 applied a hierarchical multiscale simulation framework for modelbased design of experiments. The multiscale model was applied to two case studies for ammonia decomposition on ruthenium to produce hydrogen and the water-gas shift reactions on platinum for converting syngas to hydrogen. Raimondeau et al. 22 applied multiscale simulations to study the effect of species spatial inhomogeneity to the catalytic oxidation of CO on Pt. By adapting these modelling tools and insights, this work aims to integrate catalytic surface kinetic Monte Carlo (KMC) 23 and bulk scale mean field (MF) simulations 24 in order to validate the kinetic parameters estimated using genetic algorithm (GA) based optimisation approach 25, 26 . The kinetic parameters obtained correspond to the appropriate match between simulation and experimental results of evolution in bulk concentrations.
The overall modelling strategy is discussed in the next section. Estimation of kinetic rate constants using GA based optimization methodology, followed by their validation using multiscale KMC/MF simulation framework is outlined. Thereafter, ER, LHHW, and Hattori mechanisms alongside the derivations of the kinetic rate expressions are illustrated. The results of various mechanisms are quantitatively analysed and compared for the selection of the most appropriate mechanism that may be valid for the whole range of formulations. Simultaneously, the analysis may also suggest the best mechanism for individual formulations.
Methodology
The overall strategy for an estimation of kinetic rate constants based on a reaction mechanism is illustrated as follows ( Figure 1 ).
1. The rate parameters involved in an assumed mechanism were estimated using GA based optimisation.
2. Using the rate constants obtained from step 1, the distribution of species on the surface of a catalyst formulation as well as the changes in bulk specie concentrations were predicted by a multi-scale KMC/MF simulation framework implemented. This framework was used to simultaneously capture the effect of surface adsorption-reaction-desorption on the bulk specie concentrations. An iteration of rate constants between the GA based optimisation step and the multi-scale KMC/MF simulation step may be involved, until the best fit of concentration profiles against experimental results is obtained.
3. The mechanism is applied to various catalyst formulations.
4. New mechanisms and assumptions were then considered for the parametric prediction using the above two frameworks, GA based optimisation and multi-scale KMC/MF simulation, until all three mechanisms with given assumptions are investigated.
5. Statistical reliance and comparison between mechanisms were performed. This analysis may propose the most appropriate mechanism that may be valid for the whole range of formulations or suggest the best mechanism for individual formulations. Determination of kinetic rate constants using GA
The steps for the estimation of the rate constants by applying GA based optimization are as follows.
1. The initial concentrations in the batch reactor (C i (0)), size of the reactor, and batch time are specified (Appendix A). The bounds for the rate constants k j are also provided as the inputs to the GA (Appendix B).
2. The rate constants are decision variables and their initial values are guessed by GA using random number generator in between their respective bounds.
3. The bulk concentration (C i ) of specie i is a function of kinetic rates (R i ), Equation 4 . γ . Table 1 exemplifies typical values of activity coefficients of species.
[ ]
5. The set of ordinary differential equations (Equation 4) was solved by ode45 solver in MATLAB with a time gap of 1s. The bulk concentrations profiles of species in the reactor is obtained as a function of time.
6. The GA optimization, based on the works of Bhat et al. 25 and Xu et al. 26 , 28 , implemented in MATLAB (Appendix B) was then applied to minimise the residual sum of square (RSSQ) of errors between the experimentally observed and the model predicted concentrations of species (i = 1 to nspc), at subsequent time points (j = 1 to ntime), in Equation 6 , by adjusting the rate constants within their specified ranges. It is assumed that the rate of reaction for adsorption of methanol is a low value in the range of 10
while that for other reaction rate constants are in 2 orders of magnitude.
( ) 7. GA generates new sets of rate constants. RSSQ is re-evaluated according to Equation 6. 8. Simulations were repeated until RSSQ is <0.005 or the number of iterations exceeds the maximum (100000). Once the preliminary rate constants were estimated by GA based optimisation, these parameters were further verified using a multi-scale KMC/MF simulation framework implemented in MATLAB ( Figure 2 ).
1. The concentrations of species on the surface of the catalyst, and the concentrations in the bulk were the inputs to the KMC algorithm. The surface of the catalyst was considered to be empty at the start of a reactor run. The initial bulk concentrations were obtained from the work of Cantrell et al.
14 (Appendix A). 3. Similarly, the bulk concentration was assumed to be constant over a small time interval dt, during which the KMC simulation on the catalyst surface was undertaken. The KMC simulation relied upon the event probability based on their respective rate constants. The surface concentration is advanced in time by KMC simulation 23 .
4. The overall time is advanced as the times for KMC and MF simulations are updated.
5. The simulation is continued for the total run time of a reactor (in this case 10800s, Appendix A). 
ER mechanism
The elementary reactions in ER kinetic mechanism are shown in Table 2 . The mechanism involves adsorption of methanol on empty catalyst sites and reactions between adsorbed methanol (CH 3 OH*) with T, D and M in the bulk to form adsorbed diglyceride (D*), monoglyceride (M*) and glycerol (G*) respectively along with methyl oleate (MeOl).
Table 2: Elementary reactions in ER mechanism
Each of these steps can be treated as a rate determining step. The surface of the catalyst was assumed to be homogeneous without any inert specie in all cases. The rates of generation and consumption of bulk species in Table 2 were derived based on the assumption of quasi steady state conditions of the surface species, in Table 3 . Hence, the concentrations of the catalyst surface species remained constant with respect to time. Additionally, the backward reaction rate constants were neglected. k 1 -k 7 in Table 3 represent the kinetic rate constants of the forward reactions in 7 elementary steps in Table 2 .
are the activities of diglyceride, triglyceride, monoglyceride, glycerol, methanol and methyl oleate respectively in the bulk phase. 
LHHW mechanism
The elementary reactions in LHHW kinetic mechanism are given in Table 4 . The first step is the adsorption of methanol. The main difference between ER and LHHW mechanism is the adsorption of triglyceride on the surface of the catalyst. The adsorbed methanol and triglyceride react with each other if they are adjacent, to produce adsorbed diglyceride and methyl oleate respectively. Subsequently this adsorbed methanol reacts with adsorbed diglyceride or monoglyceride to form adsorbed monoglyceride, and glycerol respectively along with methyl oleate. Table 4 presents the expressions for equilibrium rate constants K 1 -K 9 , for the 9 elementary reaction steps in LHHW mechanisms respectively.
Table 4: Elementary reactions in LHHW mechanism
In addition to the adsorbed species defined in ER mechanism * and T* were introduced to represent empty site and adsorbed triglyceride on the catalyst surface, respectively. j k indicates the forward reaction kinetic rate constants for the 9 rate determining steps, and K j represents the equilibrium constants of reaction j, respectively, in Table 4 . The elementary reaction expressions in Table 4 lead to the kinetic rate expressions for individual reaction steps, in Table 5 . 
Hattori mechanism
The elementary reactions in Hattori kinetic mechanism are provided in Table 6 Table 6 result in the kinetic rate expressions in Table 7 . represents the equilibrium constant of reaction j, respectively, in Table 6 .
Results and discussions
The GA optimisation (Appendix B) and KMC/MF simulation ( Figure 2 ) frameworks were implemented in a PC with Pentium® D CPU 3.00 GHz processor and 1GB RAM. The run time for the convergence of one mechanism applied to a catalyst formulation is 105 minutes. Five kinetic models based on the three elementary reaction mechanisms, ER (Table 2) , LHHW (Table   4 ) and Hattori (Table 7) with assumptions on quasi steady state of surface species and methanol adsorption and surface reaction as rate limiting steps were investigated, as follows.
• ER quasi steady state
• ER methanol adsorption as rate determining
• LHHW surface reaction as rate limiting
• LHHW methanol adsorption as rate limiting
• Hattori methanol adsorption as rate determining
The statistical significance of a mechanism is achieved by Chi square 2 χ test. The results of kinetic parameters and chi square test for statistical significance are presented in Table 8 . It is calculated as the ratio of the residual sum of the square of the errors (RSSQ) between the predicted and the experimental values for the concentrations of the species (i = 1 to nspc), at time points (j = 1 to ntime) and the experimental values at given data points, in Equation 7 28 .
( ) 
Results of application of ER quasi steady state mechanism to hydrotalcite catalyst Mg 2.93 Al
The results of kinetic parameters (k 1-7 ) in ER quasi steady state mechanism (Table 3) on Mg 2.93 Al hydrotalcite catalyst using GA and multi-scale KMC/MF simulation framework are provided in Figure 3 , Figure 4 , and Figure 5 respectively. The RSSQ resulted (0.008) is higher than the specified for GA optimisation. However, the 2 χ value of 0.0044 in Table 8 is smaller than 0.01 required for 99.5% level of significance (confidence) with 7 degrees of freedom, in chi square test for statistical significance 29 , implying higher level of significance / applicability of the mechanism. The kinetic parameters (Table 8 ) thus obtained by following the strategy in Figure 1 for ER quasi steady state reaction mechanism represents the experimental observation for M 2.93 Al hydrotalcite catalyst adequately. These frameworks were further applied to the other hydrotalcite catalysts with different concentrations of Mg and Al (Appendix A).
Results of application of ER quasi steady state mechanism for all hydrotalcite catalysts
The RSSQ and 
ER elementary reaction mechanism (Methanol adsorption as rate limiting)
From the illustration earlier, it was rational to assume methanol adsorption as a rate determining step in the ER mechanism. The resulting mechanism was further simplified by the assumption of equal rate constants of all the adsorption equilibrium steps, based on the work of Dossin et al. 2 .
The equilibrium constant for the adsorption of methanol ( eq K ) was assumed to be constant and equal to unity. The kinetic rate expression was reduced to two parameters f k (rate of forward reaction for adsorption of methanol), and A K (adsorption equilibrium constant for diglyceride, monoglyceride, glycerol and methyl oleate) (Equations 8, 9, and 10). 
The lowest rate constant corresponds to methanol adsorption (k f ) with values of 1.6×10 -6 ,
1.71×10 -6 , 7.33×10 -6 and 7.12×10 -6 for the four hydrotalcite catalysts, with increasing Mg concentration, respectively, revalidating the assumption (Table 8) . However, ER mechanism assumes no adsorption for triglyceride, diglyceride, and monoglyceride in the bulk to react with adsorbed methanol. Triglyceride, diglyceride, and monoglyceride are large molecules and therefore their adsorption onto the catalyst surface would be difficult and hence can be regarded as rate determining steps, such as in LHHW and Hattori mechanisms discussed as follows.
LHHW elementary reaction mechanism (Surface reaction as rate limiting)
The kinetic rate constants for LHHW mechanism comprising of elementary steps in Table 4 are shown in 
LHHW elementary reaction mechanism (Methanol adsorption as rate limiting)
The increase in the number of kinetic rate constants although increases the degrees of freedom, but reduces statistical reliability due to lighter fitting with experimental data. Dossin et al. 2 developed a rate mechanism based on ER mechanism and adsorption of methanol as the rate determining step. The LHHW elementary mechanism with methanol adsorption as a rate limiting step involving three parameters, the rate coefficient for methanol adsorption MeOH k , the adsorption equilibrium coefficient of the overall transesterification reaction eq K and the adsorption equilibrium constant of the alcohols A K , is thus statistically more reliable than the mechanism with the assumption of surface reaction as the rate limiting step. The kinetic rate constants obtained are shown in Table 8 . Similar to all other mechanisms, adsorption of methanol is identified as the slowest and the rate determining step with the rate constants of 
Hattori elementary reaction mechanism (Methanol adsorption as rate limiting)
As discussed in the previous section the formation of intermediates is an important element in the Hattori elementary reaction model ( Table 6 ) that differentiates it from the LHHW and ER mechanisms. The kinetic rate constants in the Hattori mechanism with methanol adsorption as the rate determining step are shown in the 
Comparison between kinetic models
In the previous section, the kinetic rate constants and the model fit A comparison of performance using the statistical criterion AB P between the kinetic models on the four hydrotalcite catalysts is shown in Table 9 . The least number of parameters (in this case 3)
are involved in LHHW and ER mechanisms with methanol adsorption as the rate determining steps. Hence, these two mechanisms would be most recommended ones from statistical reliability point of view. At the same time, simpler, but adequately detailed reaction kinetics model can be integrated to multiscale reactor simulation frameworks 24 . By comparing the AB P values in Table 9 , the following sequences from the best performing to the worst performing 
Conclusions
Three kinetic mechanisms, ER, LHHW, and Hattori, based on assumptions of quasi steady state for the surface species and methanol adsorption and surface reaction as rate limiting steps were investigated for biodiesel production reaction between triglyceride and methanol over heterogeneous hydrotalcite catalyst 16 . These kinetic models were applied to represent four hydrotalcite catalysts with different molar compositions of Mg and Al. Activity coefficients were used to account for the non-ideal behaviour in this analysis. These kinetic models were observed to give a good fit with the experimental data. The models were compared based on the chi square 2 χ criteria and the number of parameters in the model. The LHHW kinetic mechanism with methanol adsorption as the rate limiting step involved least number of parameters and was identified as the best fit for the experimental data.
To account for the effect of the surface coverage on catalysts, KMC simulations were performed.
Further, mean field simulation of the bulk phase was combined with the surface KMC simulation in order to capture both the changes in the concentration profiles in the bulk as well as on the catalyst surface, simultaneously. The assumptions made for given mechanisms on all catalysts were reinforced by the results of surface coverage and bulk concentration evolutions with time.
The most applicable reaction mechanism for individual catalysts was identified using the proposed strategy. Also, statistically most reliable mechanism was identified.
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Appendix A Experimental data
Wilson and coworkers 14 developed a series of hydrotalcite catalyst with the general formulae of
with x in a range of 0.25-0.55. Table 10 shows the nominal Mg:Al ratio along with the distribution of Mg and Al in the bulk and surface of these catalysts. The effect of increasing Mg fraction on the activity and surface area of these hydrotalcite catalysts is shown in Table 10 . With the increase in Mg content the surface area of the catalyst initially decreases and then increases. The increase in activity with the increase in the Mg molar fraction led to higher conversion of triglyceride and more production of methyl oleate.
The transesterification reactions were performed in stirred batch reactor at 333 K using 0.01 mol (3 cm 3 ) of glyceryl tributyrate and 0.3036 mol (12.5 cm 3 ) methanol. The batch reactor was run for 3 hours. The GA algorithm used in this simulation is based on the studies by Bhat et al. 25 , Xu et al. 26 and
Haupt and Haupt 28 . The algorithm is implemented in MATLAB.
• Specify the initial inputs to the genetic algorithm. Population size is 1000, while maximum number of iterations is 100000. The bounds of control variables (rate constants) are specified between 10 -1 and 2 orders of magnitude.
• Initial chromosomes are generated, with each chromosome representing a feasible solution in terms of decision variables.
• The objective function is generated for these sets of rate constants.
• The chromosomes are ranked based on the objective function.
• The best x percent (50%) chromosomes are kept for the next iteration.
• Generate a new set of chromosomes by mutation, crossover in remaining chromosomes.
The cost of the new chromosomes is evaluated on the objective function.
• Simulations are repeated until objective function is a very low value within the expected tolerance limits or the maximum number of iterations (100000) is exceeded.
Appendix C Prediction of activity coefficients of species
In the UNIFAC method the activity coefficient ( i γ ) is made up of two parts: the first part provides the contribution due to molecular shape, combinatorial factor ( ( ) ( ) 
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